A group of bacterial exported proteins are synthesized with N-terminal signal peptides containing a SRRxFLK 'twin-arginine' amino acid motif. Proteins bearing twin-arginine signal peptides are targeted post-translationally to the twin-arginine translocation (Tat) system which transports folded substrates across the inner membrane. In Escherichia coli, most integral inner membrane proteins are assembled by a co-translational process directed by SRP/FtsY, the SecYEG translocase, and YidC. In this work we define a novel class of integral membrane proteins assembled by a Tat-dependent mechanism. We show that at least five E. coli Tat substrate proteins contain hydrophobic C-terminal transmembrane helices (or 'Ctails'). Fusions between the identified transmembrane C-tails and the exclusively Tat-dependent reporter proteins TorA and SufI render the resultant chimeras membrane-bound. Export-linked signal peptide processing and membrane integration of the chimeras is shown to be both Tat-dependent and YidC-independent. It is proposed that the mechanism of membrane integration of proteins by the Tat system is fundamentally distinct from that employed for other bacterial inner membrane proteins.
Introduction
Biosynthesis of biological membranes requires the controlled targeting and integration of proteins into lipid bilayers. Studies of the model prokaryote Escherichia coli have established in some detail the molecular mechanisms involved in insertion of integral membrane proteins into the energy-transducing cytoplasmic (inner) membrane.
Most integral inner membrane proteins are assembled by a co-translational process coordinated by the general secretory (Sec) system ) which is also the predominant route of protein export. In general, integral membrane proteins do not have cleavable Nterminal signal peptides but contain long hydrophobic transmembrane a -helices (TMs). As the first hydrophobic TMs emerge de novo from the ribosome they are immediately recognized by the bacterial signal recognition particle (SRP). The nascent chain-ribosome-SRP complex is then targeted to the SecYEG translocase via the SRP receptor FtsY and translocation of the proteins proceeds by a co-translational 'threading mechanism ). The key process of clearing new TMs from the SecYEG channel into the lipid environment is facilitated by the YidC membrane protein (Samuelson et al ., 2000) . YidC is the E. coli homologue of the mitochondrial Oxa1p and thylakoidal Alb3 proteins required for membrane protein assembly in these organelles ) and, although a proportion of cellular YidC has been shown to associate with the SecYEG translocase (Scotti et al ., 2000) and the SecDFYajC auxiliary complex (Nouwen and Driessen, 2002) , some integral membrane proteins are targeted directly to YidC and thus integrated by a completely Sec-independent mechanism (Samuelson et al ., 2000) . Indeed, YidC is reportedly required for the integration of all inner membrane proteins so far tested (Chen et al ., 2002) .
In parallel to the Sec system E. coli utilizes a second general pathway for protein targeting. A subset of exported proteins is synthesized with distinctive N-terminal signal peptides containing a SRRxFLK 'twin-arginine' amino acid motif. Proteins bearing twin-arginine signal peptides are directed post-translationally to the membrane-embedded twin-arginine translocation (Tat) system which transports fully folded proteins across the inner membrane using energy provided by the transmembrane D p . In E. coli the TatA, TatB, TatC and TatE membrane proteins have been shown to be components of the Tat translocase (Bogsch et al ., 1998; Sargent et al ., 1998a Sargent et al ., , 1999 Weiner et al ., 1998; Berks et al ., 2000) . The core Tat transporter is a large oligomeric complex of the TatA, TatB and TatC proteins (Bolhuis et al ., 2001; de Leeuw et al ., 2002) . Within the fully assembled complex the TatA protein probably fulfils the role of the protein-conducting channel Porcelli et al ., 2002) while TatB and TatC are involved in initial signal peptide recognition .
The physiological role of the Tat pathway is to transport folded proteins, many of which contain redox active cofactors which must be incorporated in the cytoplasm prior to export (Berks, 1996; Berks et al ., 2000) . In the current work, we demonstrate that of the approximately 26 Tat substrates in E. coli at least five are genuine integral inner membrane proteins. The E. coli Tat substrates in question are shown to possess single transmembrane a -helices at the extreme C-terminus with N periplasm -C cytoplasm topologies (herein termed 'C-tails'). Using the exclusively Tatdependent water-soluble reporter proteins TorA and SufI we demonstrate that the E. coli Tat system can mediate integration of transmembrane a -helices into the inner membrane. Remarkably, the integration of hydrophobic TMs by the Tat translocase is shown to have no requirement for the YidC protein.
Results and discussion

Transmembrane helices on E. coli Tat substrates
Sequence analysis suggests that at least five of the approximately 26 probable endogenous E. coli Tat substrates contain plausible hydrophobic TMs and are thus C-tail anchored integral membrane proteins ( Fig. 1A ; Sargent et al ., 2002) . The five gene products identified are HybO, HyaA, HybA, FdnH and FdoH and each are components of larger multisubunit [NiFe] hydrogenase or formate dehydrogenase respiratory complexes. In general, periplasmically oriented membrane-bound [NiFe] hydrogenases and formate dehydrogenases share a heterotrimeric ' abg ' structure (Fig. 1B) . The catalytic a -subunit forms a peripheral heterodimer with its b -subunit partner and the ab complex is targeted as a preformed unit by a single twin-arginine signal peptide located on only one of the subunits (e.g. Rodrigue et al ., 1999) . The g -subunit is an SRP-dependent integral membrane protein containing at least four transmembrane helices (e.g. Jormakka et al ., 2002) . Early sequence analysis had previously predicted the existence of hydrophobic C-tail anchors on components of the peripheral heterodimers from membranebound [NiFe] hydrogenases and formate dehydrogenases (Berg et al ., 1991; Wu and Mandrand, 1993; Berks et al ., 1995) . However, attempts to obtain experimental evidence for their function in membrane association yielded conflicting results. For example, the peripheral subunits of the Tat-dependent [NiFe] hydrogenases from Wolinella succi- A. Hydrophobic transmembrane C-tails on Escherichia coli Tat substrates. Possible transmembrane helices are shaded based on the crystal structure of formate dehydrogenase-N (Jormakka et al ., 2002; Sargent et al ., 2002) . Positively charged side-chains located on the cytoplasmic boundary of the TMs are shown in italics. The averaged hydrophobic index (AHI) for each shaded sequence is given. Values were calculated using individual hydrophobic indices for each side-chain. B. Typical structure of membrane-bound [NiFe] hydrogenases and formate dehydrogenases. The Tat-dependent a -and b -subunits are shaded grey. C. Western blot analysis of the core [NiFe] hydrogenase-2 subunits (HybOC). Strains MC4100 (parent strain), FTD674 ( hybO D C-tail) and BØD674 ( hybO D C-tail, D tatB ) were cultured anaerobically overnight in CR medium containing 0.5% (v/v) glycerol and 0.5% (w/v) fumarate. Cells were fractionated into periplasm (P), total membranes (M), and cytoplasm (C) and proteins separated by SDS-PAGE (10% w/v acrylamide), blotted and challenged with an anti-HybOC serum. The asterisk denotes a non-specific immunoreactive band. nogenes , Rhodobacter capsulatus and E. coli are still strongly membrane associated in strains lacking the integral membrane partner subunits (Gross et al ., 1998; Magnani et al ., 2000; Dubini et al ., 2002) providing good evidence for the presence of at least one TM associated with the peripheral subunits. Yet analogous experiments with the closely related Ralstonia eutropha membranebound [NiFe] hydrogenase (Bernhard et al ., 1997) and E. coli formate dehydrogenase-N led to the accumulation of soluble periplasmic proteins with no apparent membrane affinity. In the current work we therefore set out to address directly the intrinsic membrane affinity and attachment properties of hydrophobic C-tails from Tat-dependent proteins and assess the role of the Tat translocase in the integration of Tat-dependent TMs into the bilayer.
In the initial portion of this study we studied a native Tat-dependent respiratory enzyme. The E. coli [NiFe] hydrogenase-2 isoenzyme is comprised of an a -subunit that contains the Ni-Fe-CO-2CN cofactor (HybC) and a bsubunit which binds three Fe-S clusters (HybO). HybOC form the peripheral ab dimer and transport of the complex is dependent on a single Tat signal peptide located at the N-terminus of HybO (Sargent et al ., 1998a; Rodrigue et al ., 1999) . Experimental evidence points to the presence of a TM at the C-terminus of HybO. First, in the holocomplex the HybOC dimer associates with an integral membrane protein (HybB) and a Tat-dependent ferredoxin (HybA); however, the HybOC dimer remains strongly membrane-bound in the absence of either HybA or HybB (Dubini et al ., 2002) . Second, the HybOC dimer can be released from sphaeroplasts as a stable active fragment by delicate protease treatment which specifically removes 5 kDa from the C-terminus of HybO and leaves the HybC subunit untouched (Sargent et al ., 1998b) . To obtain direct evidence for the presence of a transmembrane C-tail at the C-terminus of HybO we constructed a strain (FTD674, hybO D C-tail) with a chromosomal in frame deletion between hybO codons 328 (encoding glutamate) and 355 (encoding valine) thus removing a hydrophobic region predicted to form a TM (Fig. 1A) . As expected the HybOC complex was found in the membrane fraction of the 'wildtype' parent strain (Fig. 1C) . However, the mutant HybOC complex lacking the HybO TM no longer co-sedimented with the membrane vesicles and was instead located in the periplasm (Fig. 1C) . The soluble periplasmic HybOC ( D C-tail) complex retained enzymatic activity with Benzyl Viologen (BV) as an artificial electron acceptor (data not shown) and transport remained completely dependent on the Tat translocase (Fig. 1C) . Taken together, we conclude that HybO contains a C-terminal TM and that the C-tail is neither required for cofactor insertion nor plays an obligate role in targeting. Instead, the HybO C-tail is dedicated to the membrane attachment of the hydrogenase.
Corroborating evidence for the existence of other Tatdependent membrane proteins comes from the structure of E. coli formate dehydrogenase-N (Jormakka et al ., 2002) . The high-resolution three-dimensional crystal structure suggests that the FdnH subunit of the Tatdependent ab dimer contains a hydrophobic (probably transmembrane) C-tail (Jormakka et al ., 2002; Sargent et al ., 2002) .
Addition of the HybO C-tail renders TorA membrane-bound
Detailed studies of the individual processes involved in assembly of native Tat-dependent hydrogenases and formate dehydrogenases are complicated. Careful coordination of cofactor biosynthesis, cofactor insertion, subunit recruitment and protein targeting is crucial to successful biosynthesis of such multisubunit enzymes. Therefore, in order to study the process of Tat-dependent C-tail integration in isolation it was desirable to develop a simplified assay based on Tat-dependent reporter proteins. Gene fusions have been extensively exploited as tools to probe Sec-dependent membrane protein assembly (e.g. Traxler et al ., 1993; Drew et al ., 2002) . To adopt a similar approach for Tat-dependent C-tail studies we initially chose trimethylamine N -oxide (TMAO) reductase (TorA) as a reporter. TorA is a periplasmic, water-soluble, single subunit enzyme, and transport is absolutely dependent on an intact twin-arginine signal peptide and an active Tat translocase (Sargent et al ., 1998a; Buchanan et al ., 2001) . Importantly, cytoplasmic loading of a single molybdopterin cofactor into the monomeric apoenzyme is an essential prerequisite to TorA transport (Santini et al ., 1998) . Thus only fully assembled enzyme is presented for export and no defaulting to the Sec pathway is observed.
A chromosomal fusion was constructed between the torA gene and the final 60 codons of the hybO gene ( Fig. 2A) . Such a gene fusion would result in the synthesis of a chimeric protein with the HybO C-tail located at the extreme C-terminus of TorA. We felt it was important to construct the f torA :: hybO gene fusion at the native tor locus to preserve native expression levels and correct stoichiometries with biosynthetic factors. Inspection of the crystal structures of TorA-family proteins suggests that the C-termini of the native enzymes are surface exposed and that any additions to this region should not affect assembly (e.g. Czjzek et al ., 1998) .
The E. coli parent strain (DSS401; tor + , D dmsABC ), in which all TMAO reductase activity is attributable to TorA, and the strain expressing the f TorA::HybO chimera (FTF20; as DSS401, f torA :: hybO) were grown anaerobically in the presence of TMAO to induce expression of the tor regulon. As expected, native TorA was located almost exclusively in the periplasm by Western analysis (Fig. 2B) .
However, addition of the HybO C-tail to TorA rendered the protein membrane-bound (Fig. 2B ) and enzymatic assays confirmed that the majority of correctly assembled active TorA co-sedimented with the membrane fraction (Fig. 2B ). The fTorA::HybO chimera was found to be resistant to extraction by salt, urea or alkali indicating that the fusion protein was an integral membrane protein (Fig. 2C) . Interestingly, growth of the fTorA::HybO-expressing strain on glycerol and TMAO as sole carbon and energy sources was not significantly affected (data not shown). Finally, to test whether the TorA portion of the fusion protein had been correctly translocated to the periplasm and thus confirm an N peri -C cyto topology for the HybO C-tail we employed a protease accessibility assay. Native HybO can be released from the surface of sphaeroplasts by limited trypsinolysis (Sargent et al., 1998b) and our fusion construct contains the trypsin hyper-sensitive sites. Trypsinolysis released TorA activity from the surface of intact sphaeroplasts ( Fig. 2D ) confirming that the fTorA::HybO fusion was correctly transported to the periplasm and anchored at the periplasmic face of the cytoplasmic membrane.
The complete Tat-dependence on export and membrane attachment of the native HybOC holo-complex (Bogsch et al., 1998; Sargent et al., 1998a; Fig. 1C) and the fact that the entire TorA portion of the fTorA::HybO membrane-bound chimera is transported across the membrane (Fig. 2) suggests strongly that the HybO TM is inserted at some stage into the Tat channel. Thus the Tat transporter is clearly implicated in the integration of a subset of membrane proteins into the lipid bilayer.
Fusions to the SufI protein identify five Tat-dependent membrane proteins in E. coli
While the chromosomal torA fusion approach (Fig. 2 ) demonstrated the ability of the E. coli Tat system to handle a hydrophobic transmembrane C-tail fused to a normally water-soluble reporter protein, clearly a more tractable assay was required for possible high-throughput screening of putative Tat-dependent membrane proteins and for kinetic and mechanistic studies of Tat-dependent C-tail integration. We therefore turned our attention to the native E. coli Tat substrate SufI. SufI is a 50 kDa monomeric periplasmic protein and completely dependent upon the Tat system for export (Stanley et al., 2000) . SufI shares 31% overall amino acid identity and 47% overall similarity , together with percentage of total cellular activity (bottom panel). C. Total membrane vesicles prepared by sonication of strain FTF20 (DdmsABC, ftorA::hybO) were extracted with 50 mM NaCl, 1 M NaCl, 200 mM Na 2 CO 3 and 4 M urea. Samples were separated into (P) pellet (membrane-bound) and (S) soluble fractions by ultracentrifugation and analysed by immunoblotting using anti-TorA. D. Sphaeroplasts of strain FTF20 (DdmsABC, ftorA::hybO) were prepared and incubated with various amounts of trypsin. Reactions were stopped at time points by the addition of excess soybean trypsin inhibitor, sphaeroplasts removed by ultracentifugation and TMAOdependent BV oxidoreductase activities measured for the remaining supernatants. TMAO reductase activity released after incubation with 0.2% (w/v) trypsin (), 0.0002% (w/v) trypsin (᭜) or no protease added (᭹). Enzyme activities are expressed as relative to total enzyme activity determined after disruption of non-trypsin-treated sphaeroplasts.
with the E. coli copper protein CueO (Roberts et al., 2002) but does not bind metal and is thus an excellent substrate for in vivo and in vitro Tat transport studies (Stanley et al., 2000; Yahr and Wickner, 2001; Alami et al., 2002) .
The sufI gene (minus stop codon) was placed downstream of a T7 polymerase promoter on plasmid pT7.5 (Fig. 3A) . DNA encoding the HybO C-tail was cloned downstream of, and in frame with, the plasmid-borne sufI gene. Again, the crystal structure of CueO suggests the C-terminus of this type of protein is accessible (Roberts et al., 2002) . Western analysis revealed that the addition of the HybO C-tail to SufI rendered the resultant fSufI::HybO chimera membrane-bound (Fig. 3B) . Moreover, expression of the fsufI::hybO chimera in the tat mutant strain demonstrated that membrane attachment was strictly Tat-dependent (Fig. 3C) .
The establishment of a plasmid-based system allowed us to explore the structure and function of other putative C-tails from E. coli Tat substrates. First, we tested the ability of the formate dehydrogenase-N FdnH subunit C-tail to anchor SufI to the membrane. Formate dehydrogenase-N has a typical abg structure comprising a molybdopterin-binding a-subunit (FdnG) complexed with a Fe-S cluster-binding b-subunit partner (FdnH). The ab dimer associates with an integral membrane cytochrome b g-subunit (FdnI) on the periplasmic side of the membrane (Jormakka et al., 2002; Sargent et al., 2002) . In contrast to the Tat-dependent [NiFe] hydrogenases the twin-arginine signal peptide is located on the a-subunit of formate dehydrogenase-N i.e. not on the same polypeptide as the predicted TM. The final 60 codons of the fdnH gene were incorporated in frame at the 3¢ end of the sufI gene. The resultant fSufI::FdnH protein was found to be associated with the cell membranes ( Fig. 3B ) and membrane attachment of the fSufI::FdnH fusion protein was strictly Tatdependent ( Fig. 3C ) and resistant to extraction by salt, urea and alkali (Fig. 3D ). This was a very important result in establishing the fidelity of our reporter protein assay in identifying Tat-dependent transmembrane segments as previous analysis of the native formate dehydrogenase complexes had resulted in some ambiguity (Berg et al., 1991; Berks et al., 1995; Benoit et al., 1998; Jormakka et al., 2002; Sargent et al., 2002; Stanley et al., 2002) .
Next, fusions of the last 60 amino acids of the HybO homologue HyaA, and the FdnH homologue FdoH, were made to SufI. Expression of the fSufI::C-tail constructs in Tat + and Tat -strains demonstrated that these two proteins also contain Tat-dependent transmembrane C-tails (Fig. 3E ). Finally, we tested the ability of the final 60 amino acids of the HybA protein to anchor our Tat-dependent reporter SufI to the membrane. HybA is part of the hydrogenase-2 complex and is a member of the '16Fe'-ferredoxin family but is not closely related to the core [NiFe] hydrogenase or formate dehydrogenase subunits A. Cartoon representation of the sufI gene (minus stop codon) downstream of the T7 promoter on plasmid pT7.5 (pSuf-NOSTOP). The relative locations of the twin-arginine signal peptide encoded by sufI (RR-SS) and the DNA-encoding hydrophobic C-tail anchors (C-tail) are shown. B. Western analysis of SufI in strain NRS-3 (as MC4100, DsufI; transformed with the helper plasmid (pGP1-2) encoding T7 polymerase and pNR14 (encoding native sufI) or pSuf-NOSTOP incorporating DNA encoding the C-tails of HybO (fSufI::HybO) or FdnH (fSufI::FdnH). Cells were grown anaerobically in CR medium containing 0.4% (w/v) glucose and fractionated into periplasm (P), total membranes (M) and cytoplasm (C). Proteins were separated initially by SDS-PAGE (10% w/v acrylamide), blotted and challenged with an anti-SufI serum. C. Western analysis of total membranes isolated from NRS-3 (DsufI) and NRS-3C (DsufI, DtatC) strains expressing fSufI::HybO and fSufI::FdnH probed with anti-SufI serum. D. Total membrane vesicles prepared by sonication of strain NRS-3 (DsufI) expressing fSufI::FdnH were extracted with 50 mM NaCl, 1 M NaCl, 200 mM Na 2 CO 3 and 4 M urea. Samples were separated into (P) pellet (membrane-bound) and (S) soluble fractions by ultracentrifugation and analysed by immunoblotting using anti-SufI. E. Western analysis of total membranes isolated from NRS-3 (DsufI) and NRS-3C (DsufI, DtatC) strains expressing fSufI::FdoH, fSufI::HyaA and fSufI::HybA probed with anti-SufI serum. (Sargent et al., 1998b) . The fSufI::HybA chimera was also efficiently integrated into the membrane in a completely Tat-dependent manner (Fig. 3E) . Note that these experiments were performed under conditions where synthesis of native Tat-dependent hydrogenases and formate dehydrogenases is repressed (Gennis and Stewart, 1996) . Note also that neither fSufI::C-tail construct hindered Tatdependent anaerobic respiration on TMAO (data not shown) suggesting the chimeras are rapidly and efficiently incorporated into the bilayer and do not block the Tat transporter.
Taken together, these data suggest that the E. coli Tat system is capable of integrating at least five different hydrophobic C-tails of varying amino acid composition into the membrane. Interestingly, the average hydrophobicity indices (AHI) for E. coli Tat-dependent C-tails (Fig. 1A) show no significant differences from those of SRP/Sectargeted proteins. For example, the E. coli TatC protein contains at least four TMs (Gouffi et al., 2002) and the AHI for helices I to IV are 2.9, 1.9, 2.1 and 1.5 respectively. Thus beyond TatC Helix I, which would be expected to be recognized directly by SRP and hence demonstrate a 'higher' average hydrophobicity, the Sec-dependent TMs show no obvious differences from Tat-dependent TMs. Tatdependent C-tail-anchored proteins of the [NiFe] hydrogenase and formate dehydrogenase families are very conserved in other bacterial systems . Moreover, there are also indications that both bacterial and plant Rieske Fe-S proteins are targeted to the membrane by bona fide twin-arginine signal peptides that remain uncleaved and act as N-terminal signal anchors after transport (Berks, 1996; Molik et al., 2001) . Thus handling of transmembrane segments is likely to be a universal capability of the Tat translocase.
Membrane targeting and attachment properties of the FdnH transmembrane C-tail
The demonstration that hydrophobic Tat-dependent Ctails direct the cofactor-less reporter protein SufI to the membrane (Fig. 3) facilitates studies of Tat-dependent Ctail targeting and integration mechanisms uncomplicated by cofactor loading into associated periplasmic domains. We therefore next established an in vivo transport assay based on our construct expressing the sufI gene fused to DNA encoding the crystallographically defined FdnH Ctail. The fsufI::fdnH fusion was expressed together with a helper plasmid encoding an inducible T7 RNA polymerase and this system allowed the specific radio-labelling of the fSufI::FdnH chimera. Labelling of the fSufI::FdnH fusion with [ 35 S]-methionine followed by SDS-PAGE and autoradiography identified two protein species corresponding to precursor (containing Tat signal) and mature (signalprocessed) forms (Fig. 4A) . Processing of the Tat signal peptide on the fSufI::FdnH chimera was found to be completely dependent upon an active Tat translocase (Fig. 4A) . Furthermore, the full-length precursor form of fSufI::FdnH visible in the tat mutant is stable in a pulsechase experiment: after a 5 minute labelling reaction excess non-radioactive methionine was added and samples taken at various time-points. The full-length fSufI::FdnH precursor was present throughout the timescale of the experiment (Fig. 4C and E) thus we conclude that processing of the fSufI::FdnH chimera is, like the native SufI precursor ( Fig. 4A and E; Stanley et al., 2000) , completely dependent upon translocation to the periplasm by the Tat system and subsequent exposure to signal peptidase in that compartment. This demonstrated stability of the non-exported fSufI::FdnH chimera enabled us to confidently use signal peptide processing as a good indication of successful protein transport.
In a Tat + strain the fSufI::FdnH precursor was found to be processed to the mature form over time with no obvious degradation of the fusion protein during the timecourse of this experiment (Fig. 4B) . Interestingly, the rate of export-linked precursor processing was found to be very similar to that observed for native SufI under identical conditions (Fig. 4E) . Thus addition of a hydrophobic C-tail to a normally water-soluble Tat substrate does not change transport kinetics of the protein and clearly does not hinder the normal operation of the Tat system.
The FdnH C-tail comprises a 21 residue hydrophobic a-helix stretching from L-260 to G-280 inclusive (Fig. 5A) . At the C-terminal side of the hydrophobic helix is a small, apparently unstructured, acidic cytoplasmic domain of 14 amino acid residues. Positively charged residues are identifiable in the cytoplasmic domain close to the hydrophobic C-tail possibly indicative of an adherence to the 'positiveinside' rule for membrane protein topology (von Heijne, 1992) . In order to test the role of the charged cytoplasmic domain in FdnH C-tail integration we undertook a systematic deletion analysis. The C-tail was truncated by one amino acid at a time from E-294 to F-265 resulting in a total of 30 fSufI::FdnH mutants [fSufI::FdnH (-1) to fSufI::FdnH (-30) ]. The ability of each mutant C-tail to anchor SufI to the membrane was then assessed by Western immunoblotting. Complete deletion of the entire cytoplasmic domain (chimera fSufI::FdnH (-14) ) did not hamper membrane attachment of the fusion protein (Fig. 5B) . This indicates that the cytoplasmic domain is not itself acting as a trailing 'plug' preventing complete transport of the hydrophobic C-tail through the channel rather the TM itself is recognized and integrated by the transport system. Continued truncation analysis of the FdnH C-tail shows that membrane attachment becomes erratic between fSufI::FdnH (-18) and fSufI::FdnH (-21) (Fig. 5B) . The shortest fSufI::FdnH fusion which remains membrane-bound is fSufI::FdnH (-21) which would contain a hydrophobic C-tail of 14 amino acids (Fig. 5A ) and the fSufI::FdnH (-21) chimera remains resistant to chemical extraction and so is genuinely integral (Fig. 5D) . Moreover, the fusion proteins containing the longest hydrophobic C-tails that do not integrate into the membrane [fSufI::FdnH (-18) , fSufI::FdnH (-20) and fSufI::FdnH (-22) ] are demonstrated to be not hindered in their passage through the Tat translocon and accumulate as soluble proteins in the periplasm (Fig. 5C ). Thus the lack of membrane integration shown by these mutants is clearly not as a result of unsuccessful protein targeting.
Early sequence analysis compared Tat-dependent Ctails with some types of signal peptides (Wu and Mandrand, 1993) . In order to test directly the intrinsic targeting activity of the FdnH hydrophobic C-tail we modified our reporter system. A fusion protein in which the SufI twinarginine signal peptide had been inactivated by the substitution of the arginine pair by lysines was constructed and the fKKSufI::FdnH chimera subjected to pulse-chase analysis. No processing of the protein was evident (Fig. 6A ) strongly suggesting protein transport had been completely blocked. Indeed, subsequent Western immunoblotting showed that none of the fKKSufI::FdnH antigen could be located either in the membrane or periplasmic fractions (Fig. 6B) . Therefore in our system the N-terminal twin-arginine signal peptide is key to targeting and integration and the C-terminal hydrophobic C-tail plays no obligate targeting role.
Interestingly, targeting of a plant thylakoidal integral membrane protein (Pftf) was recently found to be Tatdependent (Summer et al., 2000) . The Pftf protein has a topology completely analogous to that of bacterial Tatdependent membrane proteins (Fig. 1B) i.e. a lumenal Nterminal domain anchored to the thylakoid membrane by a single TM with the C-terminus in the stroma (Summer et al., 2000) . However, mutagenesis of the Pftf Tat signal peptide did not severely impair Tat-targeting or membrane integration of the Pftf protein in vitro thus implicating the transmembrane segment as a novel targeting element. In contrast, we have found no evidence for targeting activity associated with bacterial Tat-dependent C-tails. This may be as a consequence of our experimental design; however, note that Tat transport of the native C-tail anchored W. succinogenes [NiFe] hydrogenase was completely blocked when the conserved arginine pair in the Tat signal peptide were replaced by glutamines pointing to no role Fig. 4 . Export-linked processing kinetics of fSufI::FdnH. A. PreSufI and fpreSufI::FdnH were expressed in strains NRS-3 (as MC4100, DsufI) 'Tat +' and NRS-3C (as NRS-3, DtatC) 'Tat -' with pGP1-2. Cultures were pulse-labelled for 5 min by the addition of [ 35 S]-methionine before precursor synthesis and processing were assessed by SDS-PAGE of whole cells and autoradiography. B. fpreSufI::FdnH was pulse-labelled with [ 35 S]-methionine and then chased from time 0 with non-radioactive methionine. Precursor synthesis and processing were assessed by SDS-PAGE and autoradiography. Control lanes are pulse-labelled fSufI::FdnH from a tat mutant (C1), to align full-length precursor and pulse-labelled preSufI from a Tat + strain (C2) to help locate any tail-less degradation products. C. Pulse-chase analysis of fSufI::FdnH in a tat mutant (NRS-3C; DsufI, DtatC). fpreSufI::FdnH was pulse-labelled with [ 35 S]-methionine and then chased with non-radioactive methionine. Control lane is pulse-labelled fSufI::FdnH from a Tat + strain (C). D. Pulse-chase of preSufI in a Tat + strain (NRS-3; DsufI). PreSufI was pulse-labelled and then chased with unlabelled methionine. The control lane is pulse-labelled preSufI from a tat mutant (C). E. Pulse-chase analysis of preSufI and fpreSufI::FdnH in Tat + and Tat -backgrounds was performed. Precursor synthesis and processing were assessed by SDS-PAGE followed by analysis on a phosphorimager. Following electronic quantification of labelled proteins, the mean percentage of total precursor remaining in whole cells at each indicated time-point was plotted (n = 3). The bars indicate the standard error of the mean. PreSufI processing in a Tat + () and Tat -(▲) background. fpreSufI::FdnH processing in a Tat + (᭜) and Tat -(¥) background.
for the hydrophobic C-tail in the targeting of this enzyme (Gross et al., 1999) .
The role of YidC in Tat-dependent membrane protein integration
A possible mechanism for the assembly of Tat-dependent membrane proteins by the bacterial twin-arginine translocase would involve the hydrophobic C-tails acting as 'stoptransfer' domains in which the hydrophobicity of the Cterminal a-helix would cause a stalling of the transport process. The TM would then escape laterally into the lipid bilayer and a stop-transfer model would thus require a channel-clearing mechanism. During TM integration by the Sec system the YidC protein facilitates clearing of the transport channel (Chen et al., 2002) . It is noteworthy, however, that YidC can also operate completely independently of Sec and assemble some membrane proteins directly into the membrane (Samuelson et al., 2000) . Given that YidC is not a partisan Sec component it was important to assess the role of YidC in targeting of Tatdependent integral membrane proteins.
We constructed a strain in which the yidC gene was under the transcriptional control of the AraC protein. Our strain (FTL10) shared identical characteristics to the yidC Residue numbers (from the extreme N-terminus) are given above the sequence and the hydrophobic helix is shaded. For truncation analysis reference points from the extreme C-terminus (-10, -20 and -30) are given below the sequence. B. Total membrane vesicles from strain NRS-3 (DsufI) expressing fusion constructs fSufI::FdnH (-1) to fSufI::FdnH (-30) were prepared and analysed by immunoblotting using an anti-SufI serum. C. Western analysis of fSufI::FdnH (-18) , fSufI::FdnH (-20) and fSufI::FdnH (-22) in strain NRS-3 (as MC4100, DsufI). Cells were grown anaerobically in CR medium containing 0.4% (w/v) glucose and fractionated into periplasm (P), total membranes (M) and cytoplasm (C). Proteins were separated initially by SDS-PAGE (10% w/v acrylamide), electroblotted and challenged with an anti-SufI serum. D. Total membrane vesicles prepared by sonication of strain NRS-3 (DsufI) expressing fSufI::FdnH (-17) and fSufI::FdnH (-21) were extracted with 50 mM NaCl, 1 M NaCl, 200 mM Na 2 CO 3 and 4 M urea. Samples were separated into (P) pellet (membrane-bound) and (S) soluble fractions by ultracentrifugation and analysed by immunoblotting using an anti-SufI serum. B. Western analysis of SufI in strain NRS-3 (DsufI) transformed with the helper plasmid (pGP1-2) encoding T7 polymerase and a plasmid encoding fKKSufI::FdnH. Cells were grown anaerobically in CR medium containing 0.4% (w/v) glucose and fractionated into periplasm (P), total membranes (M) and cytoplasm (C). Proteins were separated initially by SDS-PAGE (10% w/v acrylamide), electroblotted and challenged with an anti-SufI serum. Probable degraded fusion protein (fSufI¢) is indicated to the side of the blot. depletion strain of Samuelson et al. (2000) : in the presence of arabinose transcription of the yidC gene was activated and growth continued as normal. Removal of arabinose from the growth media repressed transcription of yidC and Western immunoblotting confirmed a subsequent depletion in cellular levels of the YidC protein (Fig. 7A) .
We first tested the effect of yidC depletion on export of secreted proteins targeted to the Sec and Tat machineries. Export-related processing of the Sec substrate proOmpA was not affected after a 4 h depletion of yidC (data not shown) confirming YidC is not involved in Sec-dependent protein export (Samuelson et al., 2000) . Export-related processing of the water-soluble Tat substrate preSufI was not affected by yidC depletion (Fig. 8B) . Thus, under our test conditions the membrane-bound Sec and Tat translocases did not suffer knock-on depletion. Indeed, subsequent Western analysis confirmed TatA levels were not diminished during a 4 h depletion regimen (Fig. 7A) .
Next, we assayed the export-linked processing of a YidC-dependent integral membrane protein. Targeting of bacteriophage M13 procoat to the E. coli inner membrane is YidC dependent (Samuelson et al., 2000) and results in rapid processing of M13 procoat by the periplasmically oriented signal peptidase to the mature M13 coat protein.
The yidC depletion strain (FTL10) was grown for 4 h either with or without arabinose, M13 procoat was pulse-labelled with [ 35 S]-methionine and samples taken at various time points after addition of excess non-radioactive methionine (Fig. 7B) . Targeting-linked processing of the M13 procoat was dramatically slowed by the reduction of YidC cellular levels ( Fig. 7B and C) . Again, this shows that signal processing is a good indicator of successful protein targeting in our small-scale pulse-chase assay and clearly demonstrates that specific YidC effects can be reliably recorded by this method.
Next, we assessed the role of YidC in kinetics of targeting-linked processing of a Tat substrate containing a hydrophobic C-tail. The fSufI::FdnH chimera was expressed in the yidC depletion strain in the presence or absence of arabinose and transport-linked processing of the fSufI::FdnH fusion assessed by pulse-chase assays. Depletion of the YidC protein had no discernible effect on the processing of the fSufI::FdnH chimera (Fig. 8A and  B) . Although processing of Tat substrates is consistently slower in time-scale than that of Sec-or YidC-dependent proteins (Stanley et al., 2000; Yahr and Wickner, 2001 ; this work), the inability to detect slowing of export-linked processing ala M13 procoat (Fig. 7B and C) in the YidCdepleted strain is an initial indication that YidC may not play a critical role in Tat-dependent membrane protein assembly.
In order to confirm the topology and membrane integration of the fSufI::FdnH chimera in the absence of YidC we next fractionated the yidC-depletion strain after radiolabelling of the fSufI::FdnH protein. Upon depletion of + () and YidC -(᭜) backgrounds was performed. Precursor synthesis and processing were assessed by SDS-PAGE followed by analysis on a phosphorimager. After electronic quantification of labelled proteins, the mean percentage of total precursor remaining in whole cells at each indicated time-point was plotted (n = 3). The bars indicate the standard error of the mean.
YidC, no soluble periplasmic form of the fSufI::FdnH protein was evident (Fig. 8C) . When compared with membranes from a YidC+ strain, protease treatment of isolated membranes from the YidC-strain indicated that the fSufI::FdnH chimera was correctly transported (Fig. 8D) . Moreover, a chemical wash of isolated membrane vesicles could not extract the radio-labelled fSufI::FdnH fusion protein indicating that the protein was correctly localized in the lipid bilayer in the absence of YidC (Fig. 8D) . Taken together, we conclude from these experiments that YidC probably plays no role in the integration of Tat-dependent C-tails.
Concluding remarks
From the data presented here it is now apparent that the Tat system does not just transport water-soluble proteins but is also involved in the post-translational biogenesis of certain integral membrane proteins. The identification of Tat-dependent TMs is an exciting new development that raises fundamental questions about membrane protein assembly. For example, it is difficult to imagine a mechanism of Tat-dependent membrane protein assembly in which the Tat-targeted TM does not enter the Tat transport channel at some point. Thus, given the key role of the Sectranslocase in orienting TMs with respect to the positiveinside rule (Prinz et al., 1998) , how does the Tat translocase correctly orient TMs before membrane integration? Moreover, identification of a subset of E. coli inner membrane proteins assembled independently of the YidC protein is unprecedented. If Tat-dependent C-tails are assembled by a 'stop-transfer' mechanism then our data must point to the existence of a method of channel clearing and TM integration fundamentally different from currently characterized systems. However, the Tat translocase may not in fact operate a 'stop-transfer' system and it should be alternatively considered that periplasmic intermediates may play a role in Tat-dependent C-tail assembly. In such a 'periplasmic re-entry' model the entire protein, including TM, would be exported to the periplasm and then re-associate with the membrane from the periplasmic side. Such a mechanism is used by some Sec-dependent peripheral membrane proteins (e.g. Jackson and Pratt, 1987) . However a truly transmembrane inner membrane protein has never been shown to be integrated in such a way and note that we have no indication from our current experiments for the existence of periplasmic intermediates during Tat-dependent C-tail integration. This in vivo study of Tat-dependent TMs paves the way for detailed analysis of the novel integration mechanism at the molecular level.
Experimental procedures
Bacterial strains E. coli strain MC4100 DlacU169, araD139, rpsL150, relA1, ptsF, rbs, flbB5301) was the parental strain used for all experiments. Strains carrying deletions in hybO were FTD674 (as MC4100, hybO DC-tail) and BØD674 (as FTD674, DtatB). PCR-based methods were used to assemble an in frame deletion allele covering codons 328-355 of hybO on plasmid pMAK705 (Hamilton et al., 1989) . The deletion allele was transferred to the chromosome of strains MC4100 and BØD (as MC4100, DtatB; Sargent et al., 1999) by homologous recombination as described (Hamilton et al., 1989) .
The chromosomal torA fusion was constructed as follows: an ~500 bp DNA fragment covering the 3¢ end of the torA gene (minus stop codon) was amplified by PCR and cloned into plasmid pFAT210 (Dubini et al., 2002) to give plasmid pFRF8. Next, an ~500 bp DNA fragment covering the 5¢ region of torD (including Shine-Dalgarno possible sequences) was cloned into pFRF8 to give pFRF9 which contains a torA-his allele plus upstream and downstream flanking sequences. The histag sequence was replaced by a DNA fragment covering the final 60 codons of hybO to give plasmid pFRF11. The resultant ftorA::hybO allele on pFRF11 was transferred to pMAK705 and then to the chromosome of DSS401 (as MC4100, DdmsABC, Kan R ); Sambasivarao and Weiner, 1991) as described (Hamilton et al., 1989) to yield strain FTF20 (as DSS401, ftorA::hybO).
Pulse-chase and steady-state experiments with plasmids encoding fSufI::C-tail chimeras were carried out with NRS-3 (as MC4100, DsufI; Stanley et al., 2001) and NRS-3C (as NRS-3, DtatC; Buchanan et al., 2002) .
Our yidC depletion strain [FTL10; as MC4100-A, DyidC, attB::(araC
R ] which contains a single copy of the yidC gene under control of the arabinose promoter was constructed in an arabinose-resistant isolate of MC4100 termed MC4100-A (Ize et al., 2002) . First, the entire yidC gene (including upstream Shine-Dalgarno elements and downstream transcriptional termination motifs) was amplified by PCR and cloned downstream of the arabinose-regulated promoter on plasmid pBAD18 (Guzman et al., 1995) . Next, the yidC gene, arabinose promoter region and araC gene on pBAD18 were amplified by PCR and cloned into the vector pRS552 (Simons et al., 1987) . The pRS552-based construct was then used to transfer the entire arabinose-regulated yidC allele to the lamba attachment site (attB) on the chromosome of E. coli host strain MC1061 (Simons et al., 1987) . The attB::(araC + , P BAD , yidC + ) allele (which was now 100% linked to a kanamycin resistance marker) was then moved by P1 transduction to the chromosome of MC4100-A. Finally, a DyidC allele containing the first two and final two codons of yidC was constructed by PCR-based methods on plasmid pMAK705. In media containing 0.2% (w/v) L-arabinose and 0.5% (v/v) glycerol to ensure expression of yidC from the arabinose-regulated promoter at the attB site, the native yidC gene was then deleted according to the method of Hamilton et al. (1989) to yield strain FTL10.
Plasmids
For experiments with fSufI::C-tail chimeras, the sufI gene (minus stop codon) was amplified by PCR and cloned as an EcoRI/BamHI fragment into pT7.5 (Tabor and Richardson, 1985) to give plasmid pSuf-NOSTOP. DNA encoding the final 60 codons of hybO, fdnH, hybA, hyaA and fdoH were amplified by PCR and cloned in frame as BamHI/XbaI fragments downstream of sufI on pSuf-NOSTOP. The KKsufI gene (minus stop codon), in which codons for the conserved arginine pair in the signal peptide had been substituted by lysine codons, was amplified by PCR using pNR68 (Stanley et al., 2000) as template and cloned as an EcoRI/ BamHI fragment into pT7.5. The final 60 codons of fdnH were amplified by PCR and cloned in frame downstream of the mutant sufI gene to give a plasmid encoding fKKSufI::FdnH.
Control experiments involved pT7-derivatives expressing M13 procoat and proOmpA (kindly provided by J.-W. de Gier, Stockholm). The T7 RNA polymerase was coexpressed in trans from plasmids pGP1-2 (Kan R ) and pNR42 (Cm R ) (Stanley et al., 2000) .
Bacterial growth and processing
During genetic manipulations strains were grown aerobically in Luria-Bertani (LB) medium (Russell and Sambrook, 2001) . For biochemical characterizations strains were cultured anaerobically or aerobically in Cohen-Rickenberg (CR) medium containing combinations of 0.4% (w/v) glucose, 0.5% (v/v) glycerol, and 0.4% (w/v) fumarate and 0.4% (w/v) TMAO where indicated (Sargent et al., 1998a) . Subcellular fractionation of large unlabelled cultures was performed by the lysozyme/EDTA protocol with ultimate cell lysis by French Press to generate inside-out membrane vesicles or sonication to form right-side-out membrane vesicles (Sambasivarao et al., 1990; Stanley et al., 2000) . For smallscale fractionation of radio-labelled cultures cells were harvested by centrifugation and washed twice in 1 ml ice-cold 20 mM Tris-HCl (pH 7.6). For sphaeroplast formation cell pellets were resuspended in 350 ml 20% (w/v) sucrose and 20 mM Tris-HCl (pH 7.6). EDTA was added to 5 mM (final concentration) together with lysozyme (0.6 mg ml -1 final concentration) and the mixture incubated at 30∞C for 20 min. Sphaeroplasts were harvested by centrifugation and the supernatant retained as the periplasmic fraction. For generation of right-side-out membrane vesicles by sonication (e.g. Sambasivarao et al., 1990) cell pellets were resuspended in 20 mM Tris-HCl (pH 7.6), 5 mM EDTA, 0.6 mg ml -1 lysozyme and sonicated on ice. Unbroken cells were removed by centrifugation and membrane vesicles harvested by ultracentrifugation.
SDS-PAGE and immunoblotting analyses were carried out according to the methods of Lämmli (1970) and Towbin et al. (1979) . Immuno-reactive bands were detected by ECL (AP Biotech). Hydrogen:benzyl viologen and TMAO:benzyl viologen oxidoreductase activities were measured as previously published and sphaeroplast formation/tryptic digest protocols for unlabelled cells have also been described elsewhere (Silvestro et al., 1988; Sargent et al., 1998a, b) . Protein concentrations were estimated according to the method of Lowry et al. (1951) .
Pulse-chase experiments
Pulse-chase experiments were carried out in aerobically grown whole cells essentially as described by Stanley et al. (2000) . Quantification of bands was carried out with a Fuji BAS-1000 phosphorimager and the software package MacBAS version 2.0.
YidC-depletion strain FTL10 was treated as follows: an overnight culture of FTL10 transformed with appropriate plasmids was back-diluted 1:50 and grown for 4 h in phosphatebuffered LB medium (pH 7.5) at 30∞C either in the presence of 0.2% (w/v) L-arabinose or 0.2% (w/v) glucose-6-phosphate +0.4% (w/v) fucose (Guzman et al., 1995) . Whole cell samples for SDS-PAGE were collected by centrifugation and resuspended directly in Lämmli disaggregation buffer. For pulse chase analysis cultures were washed and resuspended in M9 medium containing the appropriate carbon sources and amino acids, treated with rifampicin for 5 min, pulse-labelled for 20 s by the addition of [
35 S]-methionine, and chased with 0.2% (w/v) unlabelled methionine before samples withdrawn and snap-frozen in liquid nitrogen.
Labelling of small-scale cultures for subsequent fractionation was carried out as follows: an overnight culture was back-diluted 1:50 in 5 ml of LB medium plus any appropriate additives. After 3 h aerobic growth at 30∞C the entire culture was then pelleted by centrifugation, washed twice in 10 ml of ice-cold M9 medium, and resuspended in 5 ml of M9 medium containing all appropriate additives plus all amino acids (minus methionine and cysteine) each at 0.01% (w/v) final concentration. Cultures were returned to 30∞C for 30 min before heat-shock at 42∞C for 5 min to induce synthesis of T7 polymerase. Rifampicin was added (200 mg ml -1 final concentration) to block E. coli RNA polymerase and cultures were maintained at 42∞C for a further 10 min before being returned to 30∞C for 20 min. T7-dependent gene products were then labelled by the addition of [
35 S]-methionine for 5 min. If required, unlabelled methionine was added to a final concentration of 0.075% (w/v).
